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Abstract 
Increased demand for forest-derived biomass has resulted in changes in harvest 
intensities in Finland. Conventional stem-only harvest (CH) has to some extent been 
replaced with whole-tree harvest (WTH). The latter involves a greater removal of 
nutrients from the forest ecosystem, as all the above ground biomass is exported from the 
site. This has raised concerns that WTH could result in large changes in the nutrient 
dynamics of a forest stand and could eventually lower its site productivity. Little 
empirical data exists to support this assumption as only a limited number of studies have 
been conducted on the topic. A majority of these discuss the short-term effects, thus the 
long-term consequences remain unknown.  
 
The objective of this study was to compare differences in soil properties after CH and 
WTH in a fertile Norway spruce (Picea abies (L) Karst.) stand in Southern Finland. The 
site was clear-felled in August 2000 and spruce seedlings were planted in the following 
summer. Soil sampling in the form of systematic randomized sampling was carried out in 
May 2011. Changes in base saturation, cation exchange capacity, elemental pools (total 
and exchangeable) and acidity were studied in both organic and mineral horizons. The 
results indicate that WTH lowered effective cation exchange capacity and base saturation 
particularly in the humus layer. The pools of exchangeable Al and Fe were increased in 
the humus layer, whereas the amount of exchangeable Ca decreased in both layers. WTH 
also resulted in lower Ca/Al-ratios across the sampled layers. Treatment did not have a 
significant effect on pH, total pools of elements or on the C/N-ratio of the soil. The 
results suggest that although the stand possesses significant pools of nutrients at present, 
WTH, if continued, could have long-term effects on site productivity. 
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1 Introduction 
1.1 Background of the study 
Developing strategies to prevent climate change are both national and international 
interests of the European Union member states (European Commission 2008). Reducing 
the dependency on non-renewable energy sources and decreasing carbon emissions from 
fossil fuel combustion are among the goals of current European climate policy (European 
Commission 2008, Walmsley et al. 2009, Vanguelova et al. 2010). Particularly in the 
forested regions of Europe, utilization of forest-derived biomass is viewed as a tool to 
combat climate change and simultaneously improve national energy security (Stupak et 
al. 2007). 
 
Productive forests cover two thirds of Finland’s land area (Ylitalo 2011). The 
consumption of roundwood per capita is high (15 m3 per capita), and as a result forest 
biomass (logging residue/slash) is readily available with a relatively low cost (Hakkila 
and Parikka 2002, Ericsson 2004, Hakkila 2006). Even-aged forest management 
predominates in Finnish forestry, with annual clear-cuts covering approximately 1–2 % 
of the total forest area (Palviainen 2005). Scots pine (Pinus sylvestris), Norway spruce 
(Picea abies) and birch (Betula sp.) are the dominant tree species in Finland, with pine 
and spruce representing 80 % of the standing stock (volume) (Ylitalo 2011).  
 
The Nordic countries have a long tradition of utilizing their forest resources intensively 
for both industry and energy purposes (Ericsson 2004), and the use of forest-derived 
biomass for energy has steadily increased in the region during the past 15 years 
(Björheden 2006, Ylitalo 2011, Egnell 2011). As a European Union member country 
Finland aims to reduce GHG emissions by 20% and increase the use of renewable energy 
sources by 20% before 2020 (European Commission 2008). The Finnish government has 
set an ambitious target of doubling the use of forest chips from current 6.2 million m3 to 
13.5 million m3 by the year 2020 to meet the EU targets (Laitila et al. 2008, Ylitalo 
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2011). In practice, this would mean that logging residues (topwood, foliage and branches) 
should be collected from nearly all the clear-cut sites (Luiro et al. 2010).  
 
Due to these targets, whole-tree harvest (WTH) in which all above ground biomass is 
removed from site after logging is becoming an alternative to conventional harvest (CH) 
in parts of Fennoscandinavia (Proe and Dutch 1994, Jacobson et al. 2000). Use of WTH 
involves a greater removal of nutrients from the forest ecosystem as all the aboveground 
biomass is exported from the site (Likens et al. 1970, Worrell and Hampson 1997, 
Hakkila and Parikka 2002). This has raised concerns that WTH could change the nutrient 
dynamics of a forest stand and eventually lowers its site productivity (e.g. Mälkönen 
1976, Kimmins 1977, Burger 2002, Helmisaari et al. 2008). Fairly little empirical data 
exists to support this assumption as only a limited number of studies have been conducted 
on the topic. A majority of these discuss the short-term effects, thus the long-term 
consequences remain to some extent unknown. Many of the previous WTH studies have 
focused on relatively nutrient poor-sites and how these sites respond to WTH in terms of 
seedling nutrient status (Proe and Dutch 1994, Bélanger et al. 2003, Thiffault et al. 2006, 
Saarsalmi et al. 2010). Furthermore, past Norway spruce WTH experiments in 
Fennoscandinavia have been associated with relatively weathered, podzolic soils 
(moderately mesic), rather than fertile, fine-textured soils (mesic) (Olsson et al. 1996b, 
Wall and Hytönen 2011). 
 
Logging residues represent a significant pool of the nutrients in a commercial forest stand 
in Finland (Finér et al. 2003, Palviainen et al. 2004b). In WTH more biomass is harvested 
at once, as approximately 70% of the residue is removed (Laitila et al. 2008), causing the 
nutrient removals to double or triple compared with CH (Kimmins 1977, Walmsley et al. 
2009, Palviainen and Finér 2012). Stand developmental stage determines the allocation of 
biomass; the proportion of nutrient-rich foliage and bark decreases with stand age (i.e. 
nutrient demand vs. timing of harvest) (Mälkönen 1976, Augusto et al. 2000, Helmisaari 
et al. 2009, Helmisaari et al. 2011). According to Mälkönen (1976) a Norway spruce 
crown contains approximately 30 % of the total dry mass but more than 65 % of the total 
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nutrients at the thinning-stage, halfway through rotation, making the removal of logging 
residue disproportionate to the nutrient demand of the stand. In fact, the nutrient demand 
is highest in young stands before canopy closure (Mahendrappa et al. 1986, Jacobson et 
al. 2000, Prescott 2002, Smolander et al. 2008, Helmisaari et al. 2011, Palviainen and 
Finér 2012). Thus thinning aged stands could be more sensitive to logging residue 
removal than mature stands. There is evidence that WTH can cause growth reductions in 
thinnings (Jacobson et al. 2000, Helmisaari et al. 2011) but studies have not shown any 
effects on nutrient status of the remaining trees (Luiro et al. 2010). Nutrient 
concentrations and biomass production also differ between tree species; Norway spruce 
typically allocates a large proportion of the biomass to its crown (Finér et al. 2003, 
Repola 2009).  
 
A number of studies conducted in the boreal region have demonstrated that WTH could 
result in growth losses in both thinnings (Jacobson et al. 2000, Helmisaari et al. 2011) 
and final harvest (Proe and Dutch 1994, Walmsley et al. 2009, Wall and Hytönen 2011, 
Egnell 2011). It has also been reported that WTH can have an impact on nutrient pools 
and acidity (Mälkönen 1976, Olsson et al. 1996a, Olsson et al. 1996b, Olsson et al. 2000, 
Helmisaari et al. 2002, Thiffault et al. 2006, Smolander et al. 2008, Vanguelova et al. 
2010, Smolander et al. 2010, Tamminen et al. 2012), leaching of Ca and N (Likens et al. 
1970, Rosen and Lundmark-Thelin 1987, Wall 2008) and the growth of the subsequent 
tree generation (Egnell and Leijon 1999, Olsson et al. 2000, Thiffault et al. 2006).  
 
In a recent review Thiffault et al. (2011) concluded that there are no universal and 
consistent effects of WTH on soil productivity. Several other studies also have indicated 
that site sensitivity to WTH can vary across gradients in climate and elevation, amongst 
other things (Olsson et al. 1996b, Thiffault et al. 2006, Wall and Hytönen 2011). 
1.2 Objective of the study and hypothesis 
The objective of this study was to compare the differences in soil properties after CH and 
WTH in a fertile Norway spruce (Picea abies) stand, 10-years after a clear-cut. In WTH, 
   4
all the aboveground biomass including tops, branches and needles were exported from 
the harvest site. In CH, only the merchantable stem was removed from logging site. In 
contrast to CH, WTH involves a relatively large removal of nutrients from the stand.  
It is hypothesized that WTH could result in nutrient depletion thus impairing site 
productivity, particularly on nutrient-poor sites.  
 
Certain soil properties were chosen as indicators of the change within the organic and 
mineral soil layer: 
 
1. C/N-ratio and pools of C and N (kg ha-1) 
2. Exchangeable and total elemental pools of cations: Ca, Mg, K, Al and Fe (kg 
ha-1) 
3. Cation exchange capacity (cmol(+) kg-1) and base saturation (%) 
4. pH and exchangeable acidity (cmol(+) kg-1) 
 
Hypothesis 
WTH on fertile, fine-textured soil has no effect on any of the above soil properties 
in the organic layer or in the mineral soil  
 
The site is a relatively fertile (OMT-type) and abundant with grasses and herbs (mesic). 
This implies that the soil could possess sufficient buffering capacity to resist change of 
pH and acidification after WTH. On the other hand, the abundance of competing 
vegetation and thus litterfall could also “mask” the different treatment effects (Wall 2008, 
Tamminen et al. 2012).  
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2 Framework 
2.1 Forest nutrient cycling and soil productivity 
According to Burger (2002) “forest soil productivity is the capacity of a soil to contribute 
to forest biomass production”. Thus in a forested ecosystem, soil productivity can be 
estimated by measuring net primary production of a given area per unit of time 
(Mahendrappa et al. 1986, Burger 2002). Compartments (vegetation, soil, atmosphere) of 
an ecosystem interact with each other by exchanging elements, such as nutrients (Likens 
and Bormann 1995, Piirainen 2002, Piirainen et al. 2007). Over time the rate of the 
exchange varies and these nutrient pools may either increase or decrease in each 
compartment (Piirainen 2002, Brady and Weil 2008). Forested ecosystems, particularly 
conifer-dominated ones, are efficient in recycling, conserving and storing elements 
(Brady and Weil 2008). Trees take up carbon directly from the atmosphere whereas the 
other elements enter the system through atmospheric deposition and weathering of the 
parent material (Likens and Bormann 1995, Piirainen 2002, Brady and Weil 2008). 
Forestry operations change the timing and quantity of these fluxes (Palviainen 2005).  
 
In an undisturbed forest system the largest flux of organic matter and nutrients to the soil 
comes from litterfall (Likens and Bormann 1995, Piirainen 2002, Saarsalmi et al. 2007) 
and the nutrients returning to the forest floor are effectively recycled within the system 
(Figure 3) (Likens and Bormann 1995, Prescott 2002, Ukonmaanaho et al. 2008, Brady 
and Weil 2008). The quantity and timing of litterfall varies according to season and tree 
species (Ukonmaanaho et al. 2008), with the production being closely linked to the basal 
area of the forest (Mahendrappa et al. 1986).  
 
Most forest management practices cause physical disturbance to the soil and the forest 
floor (Johnson et al. 1991b, Hope 2007, Brady and Weil 2008). The intensity of the 
harvest operation determines the extent of the disturbance (Jurgensen et al. 1997). In 
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Finland clear-cutting in combination with site preparation is the predominant method 
used at final felling (Ylitalo 2011). Stands are logged with a harvester, which piles the 
logging residues next to the skit trails. In the WTH, the residue is transported from the 
stand by a forwarder (Nurmi 2007). Stands suited for Norway spruce are typically 
mounded and planted with two- or three-year-old seedlings after the harvest, prior to the 
next growing season (Hallsby and Örlander 2004). Site preparation can improve seedling 
survival on wet and fertile sites with competitive grasses and herbs. It has been reported 
that removal of logging residues could facilitate the establishment of the next tree 
generation, as planting and soil preparation are both is easier (Proe and Dutch 1994, 
Saksa et al. 2002).  
 
From a stand point-of-view, clear-cuts are sudden disturbances that significantly affect C, 
N and nutrient pools (Mälkönen 1976, Finér et al. 2003, Palviainen 2005, Piirainen et al. 
2007). In a conventional clear-cut, large quantities of biomass are left on site in the form 
of logging residue thus creating a peak in the nutrient flux to the soil and the forest floor 
(Likens et al. 1970, Olsson et al. 1996b, Palviainen 2005). Furthermore, harvesting 
equipment can cause soil compaction, redistribution of the forest floor organic matter and 
vertical dislocation of soil organic matter (Johnson et al. 1991b, Prescott et al. 2000, 
Burger 2002). The mixing of the organic humus layer and mineral soil in turn promotes 
mineralization and decomposition processes (Prescott et al. 2000).  
 
According to Nurmi (2007), conventional harvest combined with logging residue 
extraction removes 60-80% of the dry residue mass. This amount corresponds to the 
estimates of potential logging residues removals associated with whole-tree harvest on 
Norway spruce clear-cuts (Laitila et al. 2008, Peltola et al. 2011). Norway spruce 
allocates a large proportion of biomass to its crown and particularly to the foliage (Repola 
2009); the proportion of logging residues of the total aboveground biomass is about 30 % 
(Hakkila et al. 1998). Logging residue is therefore readily available on spruce logging 
sites and used as a “protective mat” on skid trails (Smolander et al. 2010, Saarsalmi et al. 
2010).  
   7
2.1.1 Organic matter, C and N 
Soil organic matter (SOM) is considered the most important indicator of soil quality (e.g. 
(Doran and Jones 1996, Brady and Weil 2008). It serves as a sink and source of nutrients 
as well as a natural buffer against erosion and leaching. Furthermore, SOM provides 
much of soil’s cation exchange capacity. In a boreal forest stand organic matter 
accumulates on the soil surface forming humus (Prescott et al. 2000) and this matter is 
incorporated into the surface layers of the soil. The extent to which clear-cuts affect SOM 
depends on several factors: (1) the intensity of the treatment, (2) the quantity of forest 
floor removed and (3) amount of organic matter on the soil surface, i.e. the thickness and 
quality of the organic layer (Jurgensen et al. 1997, Prescott et al. 2000, Burger 2002). 
Clear-cuts remove large quantities of organic matter from a forest stand thus it would 
seem inevitable that WTH could results in lower OM content in the surface layers of the 
soil. The results from previous WTH studies on soil organic matter and C pools have 
been somewhat ambiguous. In a meta-analysis Johnson and Curtis (2001), concluded that 
forest harvest in general has little or no effect on soil C and N pools. However, they also 
suggest that WTH results on average in a 6 % decrease in the soil C and N in coniferous 
species (Johnson and Curtis 2001). Short-term studies conducted in Finland and United 
States have found no evidence that WTH reduces soil organic matter pools, C or N 
(Johnson et al. 1991b, Wall 2008). Smolander et al. (2008) reported lower C 
mineralization rates in a fertile Norway spruce stand 10 years after WTH thinning in 
Eastern Finland. In Sweden, Olsson et al. (1996b) reported a 17% net reduction in the 
total C pool for fertile Norway spruce sites after clear-felling, but this reduction was not 
dependent on the harvest intensity per se. Several other long-term studies have not shown 
significant effects of WTH on total soil C in connection with final felling (Johnson et al. 
2002, Thiffault et al. 2006, Vanguelova et al. 2010). There have been reports that CH 
reduces C and N pools more than WTH, thus implying that retention of logging residues 
could actually increase the rate of mineralization of the existing soil organic matter stocks 
(Moroni et al. 2007, Vanguelova et al. 2010). Similarly, Rosen and Thelin (1987) found 
that retention of logging residues could result in increased leaching of inorganic N after a 
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clear-cut. In Finland, Saarsalmi et al. (2010) reported significantly lower C, N and Ca 
pools as result of WTH at final felling in a Scots pine stand.  
 
Logging residues represent a large reservoir of C and nutrients within the forest stand 
(Palviainen et al. 2004b). Studies in the Nordic countries have shown that logging residue 
decomposition rate decreases with increasing substrate diameter (Fahey et al. 1991, 
Hyvönen et al. 2000) and it also correlates with site productivity (Johansson 1994). 
Palviainen et al. (2004) reported 40% mass loss for green spruce needles and 20% loss 
for braches three years after a clear-cut. Almost a half of C (42%) in the green needles 
was lost within the same time frame whereas the C loss from branches was more subtle 
(20%) implying that the latter could serve as a longer term source of organic matter of 
nutrient release (Fahey et al. 1991, Hyvönen et al. 2000, Palviainen et al. 2004b).  
 
In the boreal region, N is considered the principal nutrient limiting forest growth (e.g. 
Mälkönen 1976, Kimmins 1977, Bonan and Shugart 1989, Burger 2002), and N is 
strongly recycled within the system (Likens et al. 1970, Piirainen et al. 2002, Palviainen 
et al. 2004b). Anthropogenic N deposition has gradually increased in Fennoscandinavia 
during the last several decades (Sverdrup and Rosen 1998, Akselsson et al. 2007). 
However, N deposition tends to decrease with higher latitudes, thus the annual N 
deposition in Finland is remains fairly low: 2–6 kg per ha (Helmisaari et al. 2008) (Table 
1). The nitrogen cycle is closely linked to that of organic matter i.e. carbon. The C/N-
ratio of the logging residue largely determines whether N is mineralized or immobilized 
within the system (Brady and Weil 2008). High C/N will slow decomposition and 
promote immobilization thus reducing the risk of leaching. Norway spruce needle litter 
typically has a relatively high C/N-ratio (70-75) (Smolander et al. 1996). In Norway 
spruce 80% of the total N is in needles, twigs and branches (Finér et al. 2003), out of 
which 70 % is in the green needles (Helmisaari et al. 2009).  
 
Logging effects on N can be delayed (Fahey et al. 1991, Hazlett et al. 2007) and studies 
on logging residue decomposition have suggested that in contrast to C, there is no net 
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release of N within the first years after a clear-cut (Hyvönen et al. 2000, Palviainen et al. 
2004b). Helmisaari et al. (2011) argue that logging residues are a slow-release fertilizer 
in nutrient limited areas and they concluded, “Conclusions based on site productivity 
should be based on long-term sampling”. In contrast, Wall (2008) argues that, in the 
short-term, removal of logging residue does not impair the soil N pool and the removal of 
logging residue decreases the risk of leaching. Jacobson et al. (2000) concluded, based on 
experimental data across Fennoscandinavia that the possible growth reduction after WTH 
thinning could be the result of reduced N supply. However, they also contemplated 
whether the growth reduction could be a result of an indirect effect such as changes in the 
microclimate or ground vegetation competition (Jacobson et al. 2000). Fahey et al. (1991) 
suggested that the ground vegetation could act a sink for nutrients after WTH, thus 
increasing competition for the nutrients. However, studies conducted in Sweden have not 
found any effect of harvest intensity on ground vegetation abundance and cover (Olsson 
and Staaf 1995, Rosenberg and Jacobson 2004) thus the quantitative role of vegetation as 
a sink of nutrients remains unclear (Hyvönen et al. 2000). 
 
2.1.2 Base and acid cations 
Weathering is the major source of calcium (Ca), potassium (K) and magnesium (Mg) in 
boreal soils (Likens and Bormann 1995, Starr et al. 1998, Palviainen et al. 2012) 
particularly in areas with low atmospheric deposition such as the Nordic countries 
(Ruoho-Airola et al. 2003) (Table 1). Ca and Mg are relatively abundant in forest soils, 
both as structural components of minerals and in soluble, cation (i.e. plant-available) 
form (Likens and Bormann 1995, Brady and Weil 2008). Only a small fraction is bound 
to the vegetation (Likens and Bormann 1995). Litterfall accounts for a large amount of 
Ca and Mg, and both are relatively immobile nutrients (Piirainen 2002). In contrast, 
potassium (K) is not incorporated into any structures within the soil complex but instead 
remains in ionic form in the plant material thus making it a mobile nutrient (Olsson et al. 
1996a, Brady and Weil 2008). After a clear-cut K, is released relatively rapidly from the 
decomposing residue (Fahey et al. 1991, Palviainen et al. 2004a). Apart from providing 
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vital nutrients for plants, base cations also act as neutralizers in soils that are naturally 
prone to acidify (Starr et al. 1998). It has been suggested that calcium could enhance 
decomposition processes through promoting presence of lignin-decaying fungi 
(Johansson 1994).  
 
Aluminum (Al) is an abundant element in most soils however it’s not a mineral nutrient 
(Giesler et al. 2000). Al and Fe cations are considered acid-forming cations as they can 
act as hydrolyzing agents within the soil, causing the release H+ ions into the soil solution 
(Brady and Weil 2008). Studies in Finland have shown that Al and Fe are abundant in the 
rooting zone; as a result fine roots have high concentrations of both elements compared to 
other plant compartments (Domisch et al. 1998, Palviainen et al. 2004a).  
 
Logging residue and particularly green needles have high nutrient concentrations (Olsson 
et al. 1996a, Helmisaari et al. 2008) and after the final-harvest the nutrients are released 
at different rates from different residue components (Palviainen 2005). K and Ca 
originate largely from the foliage, whereas Al and Fe from the fine roots (Palviainen et al. 
2004a). Furthermore, almost all K, Al and Fe are released primarily from the logging 
residue during the first years, whereas Ca releases relatively slowly over time (Olsson et 
al. 1996a, Palviainen et al. 2004a). Several studies have shown that WTH negatively 
affects base cation pools (Nykvist and Rosen 1985, Johnson et al. 1991a, Olsson et al. 
1996a, Rosenberg and Jacobson 2004, Thiffault et al. 2006, Vanguelova et al. 2010). 
Swedish studies have reported negative balances for base cations after WTH, indicating 
that there could be a risk of soil base cation depletion after only one rotation (Sverdrup 
and Rosen 1998, Jacobson et al. 2000). In Finland, the upland mineral soils are N-limited 
(Finér et al. 2003) whereas organic, peat soils are often limited by the supply of P 
(Palviainen and Finér 2012). P is rapidly released from the logging residue after a clear-
cut (Palviainen et al. 2004b) but it is effectively retained in the mineral soil as a part of 
metal-organic-acid-complexes (Piirainen et al. 2004). The exchangeable P pool however 
was not quantified in this study.  
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2.1.3 pH, CEC and EA 
Trees attain nutrients through exchange with the soil solution: as base cations are 
assimilated into the biomass an equivalent sum of H+ ions is released from the roots 
(Olsson et al. 1996a). Organic matter tends to acidify soil through decomposition, which 
releases H+ ions into the soil complex and facilitates the leaching of Ca and Mg (Brady 
and Weil 2008). During harvest the nutrients are removed from the site in the form of 
biomass and decomposition of residual organic matter tends to increase, thus forest 
harvesting in general tends to be an acidifying practice (Kimmins 1977, Olsson et al. 
1996a, Burger 2002). Numerous studies have not shown any effect of WTH on pH after 
final felling (Johnson et al. 1991a, Olsson et al. 1996a, Bélanger et al. 2003, Rosenberg 
and Jacobson 2004, Thiffault et al. 2006, Wall 2008, Walmsley et al. 2009, Saarsalmi et 
al. 2010). However, Nykvist and Rosen (1985) did observe a lower pH and decrease in 
base saturation after WTH. Correspondingly, also Vanguelova et al. (2010) measured a 
lower pH in the organic layer and mineral soil after WTH.  
 
WTH has been reported to result in lower cation exchange capacity (CEC), higher 
exchangeable acidity (EA) and decreased base saturation (BS) in the soil profile (Johnson 
et al. 1991a, Olsson et al. 1996a, Bélanger et al. 2003, Thiffault et al. 2006). Changes in 
the pH are reflected to the proportional saturation of exchange capacity with acid and 
base cations. The exchange sites in the organic layer are predominantly pH-dependent, 
thus making this layer more sensitive to changes in pH in comparison to mineral soil, 
which has higher proportion of permanent charge sites (Brady and Weil 2008).  
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3 Materials and methods 
3.1 Study site and experimental design 
The experimental site utilized for this study was established by the Finnish Forest 
Research Institute as a part of a trial examining the long-term effects of whole-tree 
harvest on tree growth and soil properties. The original experiment was established in 
1978 as the stand had reached thinning age (57 yrs.), and utilized a randomized block 
design with six different treatments (Table 2). The stand was thinned either 
conventionally or with whole-trees removed in 1979 and 1989 (Table 3). The 
experimental plots were assigned for the new treatment (i.e. final-felling) based on the 
old treatments. The stand is located in Janakkala, Southern Finland (61.02°N, long. 
24.69°E) (Figure 4). The elevation of the site is 160 m with an annual precipitation of 
616 mm and average temperature of 5.5 °C (temperature sum 1214°C). The site is 
relatively fertile and herb-rich, thus classified as a mesic Oxalis acetocella-Vaccinium 
myrtillus (OMT) site type, (Cajander 1949). Competing vegetation, mainly trees and 
shrubs, such as Rowan (Sorbus aucuparia) and willows (Salix sp.) were abundant at the 
experimental site (Figure 1).  
 
In August 2000, the experimental stand was clear-cut either conventionally (CH) or 
completely (WTH–all above ground biomass) with a harvester. After stem-harvesting 
logging residues were distributed evenly on the CH plots. From the WTH plots, all the 
logging residues were removed during the harvest. The estimated mass of the harvested 
logging residues ranged from 32,000–53,000 kg ha-1 (Table 4). Norway spruce (Picea 
abies (L) Karst.) seedlings were planted in spring 2001 after light mounding. The 
experimental design for this study was a randomized block design and the two treatments 
(CH and WTH) were organized into two blocks (n=9). The 30 m x 30 m (0.09 ha) plots 
were surrounded by a 5 m buffer zone (Figure 5).  
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 Figure 1 Competing vegetation was abundant in the 
experimental stand (Photo: L. Kaarakka) 
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Figure 2 The soil-sampling pit (Photo: L. Kaarakka) 
3.2 Soil sampling and analysis 
Soil sampling was carried out in in May 2011 ten years after the final felling. One 
composite sample consisting of 25 subsamples was taken systematically from the organic 
layer (Ofh) from each plot with a steel cylinder (d=60 mm). The thickness and class of the 
humus was measured before the subsamples were combined. Similarly, nine subsamples 
of mineral soil (0-10 cm) were collected systematically with a steel cylinder (d=39 mm) 
from the plots. Subsamples were collected from undisturbed areas i.e. wheel tracks were 
avoided. One sample was collected from the mineral soil (10-30 cm) at the center of each 
plot for particle size analysis. Stone content was determined with a steel rod (Viro 1952). 
Two soil types were identified for the site: Haplic Cambisol and Haplic Regosol (Michéli 
et al. 2006, Tamminen 2009). The soil had a dark-brownish color, indicating high organic 
matter content (Figure 2). 
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3.3 Soil chemical analysis 
The soil samples were dried at 40 °C for five days after which larger soil aggregates were 
manually crushed and the samples further dried for seven days. Roots were manually 
removed from the fresh samples before drying. The mineral soil samples were sieved 
through a 2 mm screen and the organic samples milled with a 2 mm bottom-sieve. Loss-
on-ignition and moisture content were determined after drying the samples at 105 °C, 
overnight and, at 550 °C for two hours, respectively. Total C and N concentrations and 
C/N ratios were determined directly from the homogenized soil samples with a 
VarioMax-analyzer. Soil pH(H20) was measured with a glass electrode on suspensions of 
soil in demineralized water with a ratio of 20 ml sample to 50 ml of water, prior to which 
the samples had been shaken. To determine soil cation exchange capacity and 
exchangeable acidity, all the samples were extracted with a 0.1 M barium chloride 
solution with a ratio of 10 ml sample to 100 ml of BaCl. The samples were left over 
night, then shaken for two hours and finally filtered using Whatman–filter paper. The 
concentrations of exchangeable cations, K+, Ca2+, Mg2+, Fe3+ and Na+, in the BaCl 
extractions were determined by ICP-OES. Exchangeable acidity was determined by 
titrating an aliquot (50 ml) with 0.1 M NaOH solution to pH 7.  
 
For determining total elemental concentrations one gram of mineral soil and 
approximately 300-500 milligrams of organic soil per sample were digested with 10 ml 
of HNO3 and 1 ml of H2O2. The samples were then heated in a microwave (Atomic 
absorption spectroscopy) at 175 °C and cooled after which the digestates were filtered 
with Whatman–filter paper, and stored in a cooler. Finally, total elemental concentrations 
were determined with the ICP-OES. Mineral soil samples from the deeper horizons were 
analyzed for particle size distribution with the Coulter LS230 laser-diffraction (LS) 
device.  
Total and exchangeable pools of elements for the organic layer were calculated with the 
following equation (Tamminen and Starr 1994): 
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Pool, kg ha-1 = 
ெכ௖௢௡௖௘௡௧௥௔௧௜௢௡ ௢௙ ௘௟௘௠௘௡௧ (௠௚ ௚షభ)
ଵ଴଴଴  
where: M is the mass of the humus-layer:  
M kg ha-1 = 
ଵ଴଴଴଴଴כௗ௥௬ ௪௘௜௚௛௧ (௚)
௡:௢ ௢௙ ௦௨௕௦௔௠௣௟௘௦כ஼௥௢௦௦ ௦௘௖௧௜௢௡ ௢௙ ௖௬௟௜௡ௗ௘௥ (௦௔௠௣௟௘௥) ௖௠మ 
 
Total and exchangeable pools of elements for the mineral layer were calculated with the 
following equation: 
Pool, kg ha-1= ݉݃ ݃ିଵ(݋ݎ ݃ ݇݃ିଵ) כ ܤܦழଶ݃ ܿ݉ଷ כ ݐ݄݅ܿ݇݊݁ݏݏ ݋݂ ݄݋ݎ݅ݖ݋݊ ܿ݉ כ (1 െ
ݏݐ݋݊݁ ܿ݋݊ݐ݁݊ݐ %/100) כ ݑ݊݅ݐ ܿ݋݊ݒ݁ݎݏ݅݋݊ ݂ܽܿݐ݋ݎ 
Stone content was taken into account when estimating the total pools with the following 
empirical equation (Viro 1952): 
Stone volume % = 83 െ 2.75 כ ܽݒ݁ݎܽ݃݁ dent ܿ݉ 
 
Effective cation exchange capacity (ECEC) was defined as the sum of exchangeable 
cations (Ca2++Mg2++K++Na++Al3++H+). Exchangeable Fe2+ was not included in the 
calculation of ECEC, as fairly little Fe2+ is retained in the cation exchange capacity. Base 
saturation (BS) was calculated as the fraction of ECEC occupied by base cations 
(Ca2++Mg2++K++Na+). Exchangeable acidity (EA) was measured from the BaCl 
extracted the samples by titrating to pH 7.0. The pH readings were converted into 
concentration of free H+ ions per mass of soil.  
3.4 Statistical methods 
Means of the sampling points in each plot were used for all analyses. ANOVA (Analysis 
of variance) was used to test the effects of treatment on the selected soil properties. 
Residuals from ANOVA were tested for normality with Shapiro-Wilk test for all 
dependent variables and equality of variances were tested with Levene’s test. Data for 
plots 17 (CH) and 18 (WTH) were removed from total pool analysis for Ca, K, Mg and P 
due to extreme values (outliers, sample contamination in the microwave). All statistical 
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analyses were completed with the SPSS statistical package Version 20 (IBM 2012). 
Detailed ANOVA-tables can be found in the Appendix I.  
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4 Results 
Stone content for within plot ranged from 21% to 49%, indicating a medium-high stone 
content (Table 5) (Viro 1952). Soil textural class was identified as fine sand (USDA 
sandy loam, FIN fine sand) and predominant humus type as moder. Humus thickness was 
higher in the CH plots than for WTH (p < 0.059, data not shown) plots whereas bulk 
density remained relatively unchanged after the treatment. Table 5 demonstrates that the 
clay content at the experimental site was fairly high in the mineral soil, which is in 
contrast to typical soils in Finland (Tamminen 2009).  
4.1 Total elemental pools 
Total elemental pools of C, N, Ca and P pools (kg ha-1) tended to be lower after WTH in 
both soil horizons (Table 6). WTH reduced significantly the amount of organic matter 
(LOI %) (p < 0.002) in the organic layer. Consequently, WTH resulted in lower total C 
and N pools in the organic layer (p < 0.067 and p < 0.057, respectively). A trend was 
observed in the mineral soil where, WTH significantly reduced total N pool (p < 0.032) 
and affected total C pool (p < 0.070). In the organic layer, however, treatment effect on 
total pools was significant only for Ca (p < 0.011). K pools increased slightly after WTH 
in both layers. Under WTH, Mg decreased in the organic layer but increased in the 
mineral soil. There was a marginal difference between treatments on C/N-ratio. The 
concentrations of C and N (C and N %) also decreased after WTH (p < 0.036 and p < 
0.05, respectively) in the forest floor. A similar tendency was evident for C and N 
concentrations in the mineral soil but it was not statistically significant.  
4.2 Exchangeable nutrient pools 
WTH decreased the pools of exchangeable Ca, K and Mg (kg ha-1) in the organic layer, 
whereas the pools of exchangeable Al and Fe increased (Table 7). The change was 
significant for Al (p < 0.000), Fe (p < 0.001) and Ca (p < 0.009). The pools of 
exchangeable Ca (p < 0.000) and Mg (p < 0.003) declined significantly in the mineral soil 
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as result of WTH. Ratios of Ca and Mg to Al were significantly higher in the CH in the 
organic layer (p < 0.000 and p < 0.000). A similar treatment effect was evident in the 
mineral layer where Ca/Al (p < 0.004), Ca/Mg (p < 0.009) and Mg/Al-ratios (p < 0.044), 
all significantly decreased.  
4.3 Soil acidity and cation exchange capacity 
Harvest methods had no significant effect on pH in either soil horizon (Table 8). 
Effective cation exchange capacity (ECEC, cmol(+)kg-1) (p < 0.009) and base saturation 
(BS %) (p < 0.000) were both lower after WTH in the organic layer. Correspondingly, 
exchangeable acidity (EA, cmol(+)kg-1) (p <0.002) increased significantly in the organic 
layer as result of WTH. Significant treatment effect on ECEC and BS was also detected 
in the mineral soil (p < 0.016 and p < 0.004, respectively). However, treatment had no 
effect on EA in the mineral soil. pH was not affected by harvest intensity (Table 8).  
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5 Discussion 
Harvesting equipment causes disturbance to the forest floor and upper layers of the 
mineral soil through mixing and redistribution of the soil matter. Mixing of mineral soil 
into the organic layer was evident in many of the sample plots at the study site. The 
extent of the disturbance varied from light scarification to deep wheel ruts and affected 
10 to 60% of the study area. The soil samples were collected from the undisturbed areas 
of the site, i.e. wheel ruts were avoided. The plots that were most disturbed were removed 
from the total pool analysis (17 & 18). Furthermore, all the sample plots had abundant 
ground vegetation, dominated by grasses (Deschampsia flexuosa) and herbs, which made 
the identification of the different soil layers difficult. Similar developments have been 
observed at fertile conifer clear-cuts in Sweden (Olsson and Staaf 1995, Olsson et al. 
1996b). 
 
The results of this study showed no evidence that WTH would result in reduced soil 
organic carbon or total nitrogen pools (kg ha-1) ten years after the final felling. However, 
a significant decrease in organic matter concentration (%) (p < 0.002) (Table 6) was 
observed in the organic layer after WTH and similar tendency was evident in the mineral 
soil (p < 0.098). This result is in contrast with other long-term studies, which have shown 
no or little effect of final felling harvest intensity on soil organic matter content (Johnson 
et al. 1991b, Olsson et al. 1996b, Johnson et al. 2002, Walmsley et al. 2009, Vanguelova 
et al. 2010, Wall and Hytönen 2011). A Canadian study showed a loss of C content from 
the forest floor three years after WTH (Bélanger et al. 2003). Johnson et al. 1991b 
reported a higher OM-content in the mineral soil after WTH, owing to the mixing of the 
soil horizons during harvest and redistribution of OM in the soil profile. Therefore they 
concluded that there was no net loss of OM in the profile (Johnson et al. 1991b). In this 
study, OM content was reduced after WTH (Table 6). Olsson et al. (1996b) observed a 
decrease in the C pool in the humus layer at a Norway spruce clear-cut site, but an 
increase deeper in the mineral soil and they too concluded that OM is partly decomposed 
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and partly transported downwards in the soil profile after the harvest. In the current study 
only the upper layer of the mineral soil (0–10 cm) was sampled, thus making the 
comparison with the above-mentioned studies problematic (Johnson et al. 1991b, Olsson 
et al. 1996b).  
 
Although not statistically significant, the thickness of the humus layer was reduced by the 
WTH harvest (Table 5). Clear-cut per se affects the thickness of the humus layer 
(Prescott et al. 2000), but these results suggest that the intensity of the harvest has a 
tendency to amplify this phenomenon. No treatment effect was detected on soil C/N-
ratios, indicating that the harvest intensity did not have an influence on the quality of the 
organic matter (Table 6). This is in agreement with the findings of other studies of similar 
time scope (Olsson et al. 1996b, Saarsalmi et al. 2010). The concentrations of C and N 
(%) (Table 6) were both reduced (p < 0.036 and p < 0.05) in the organic layer and tended 
to be lower in the mineral soil after WTH. This was reflected in the C/N-ratio, as the 
concentrations and C/N-ratio were measured from the same samples.  
 
The pools of total K, Mg, P and Ca (kg ha.1) (Table 6) were generally not affected by 
harvest intensity, apart from the Ca pool, which was significantly lower in the organic 
layer (p < 0.011) after WTH. The exchangeable pool of Ca (Table 7) decreased 
significantly in both soil layers (p < 0.009 and p < 0.000, respectively) at the WTH 
plots. Pools of exchangeable Al and Fe on the other hand increased in the organic layer 
(p < 0.000 and p < 0.001) but remained somewhat unchanged in the mineral soil. 
Several other studies have also reported reductions in the exchangeable pools of Ca in 
the organic layer soon after WTH (Nykvist and Rosen 1985, Johnson et al. 1991a, 
Thiffault et al. 2006). Ca reductions have also been reported in long-term studies; 
Olsson et al. (1996a) reported a significant loss of Ca 15-16 years after WTH in a 
Southern Swedish Norway spruce stand and Saarsalmi et al. (2010) observed a similar 
trend 22 years after WTH in Scots pine stand in Finland. In England, Walmsley et al. 
(2009) found a decrease in the organic layer pool of exchangeable Ca but an increase in 
the lower mineral horizon pool in a second generation WTH Sitka spruce (Picea 
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sitchensis) stand, implying that the Ca is translocated within the soil profile. Due to its 
immobility Ca is retained longer in the logging residue and released relatively slowly in 
decomposition (Palviainen et al. 2004a). Thus a large proportion of the Ca released is 
captured by the forest floor and emerging vegetation (Palviainen et al. 2005, Thiffault et 
al. 2006, Vanguelova et al. 2010). Swedish studies have shown changes in needle 
nutrient concentrations (Olsson et al. 2000) and reductions in the growth the new tree 
generation (Egnell and Leijon 1999) as a result of nutrient depletion caused by WTH. 
The effects of the treatment were more apparent for the divalent cations, Ca and Mg, 
than for monovalent K (Table 7). The exchangeable K pool remained unchanged in the 
organic layer but was reduced in the mineral soil, thus the overall pool of the upper soil 
layer (org + min) was reduced (Table 7). Bélanger et al. (2003) observed an increased 
flux of K into the mineral soil after WTH in a conifer stand in Canada. They concluded 
that the increased K activity was caused by mulching during harvest (Bélanger et al. 
2003). Most of the K, Al and Fe is released from the logging residue within years of the 
harvest (Fahey et al. 1991, Hyvönen et al. 2000, Palviainen et al. 2004a). Ca, in 
contrast, is effectively retained in the woody litter for a longer time following harvest, 
implying that branches could serve as longer-term source of Ca (Fahey et al. 1991, 
Palviainen et al. 2004a). Based on the above, we can assume that most of K, Al and Fe 
had been released from the residue on the CH plots the time of sampling, whereas Ca 
was still retained in the decomposing biomass.  
 
Effective cation exchange capacity (ECEC cmol+ kg ha-1) and base saturation (BS %) 
were both significantly higher in the organic layer and mineral soil if the logging residues 
were retained after the harvest (Table 8). The negative developments in the organic layer 
at the WTH plots are probably the result of reduced OM content and changes in the acid-
tp-base-cation ratios. After WTH, a much larger proportion of the ECEC was accounted 
for by acid cations in both layers (increased acid saturation) (Table 8). The decreased 
Ca/Al-ratio indicates that WTH resulted in displacement of Ca from the exchange sites 
by Al in the organic layer. The decrease of BS and ECEC in the mineral soil could be the 
result of loss of exchangeable Ca from the layer. Since EA remained virtually unaffected 
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by the harvest intensity in the mineral layer, we can assume that exchange sites were 
occupied by another base cation after WTH. The ratios of base cations to acid cations 
were significantly smaller after WTH compared to CH (Table 7). Higher Al 
concentrations, and lower Ca and Mg concentrations imply that the soil was acidified as a 
consequence of the WTH. Exchangeable acidity did in fact increase significantly in the 
organic layer after WTH (Table 8). Soil acidity largely depends on the net charges of H+ 
and as no increase in the abundance of H+ ions was detected (Table 17), we could 
conclude that increased Al activity is mainly responsible for the increased acidity in the 
organic layer. Furthermore, pH (Table 8) was not affected by the harvest intensity. A 
similar trend was observed by Olsson et al. (1996a) thus leading them to conclude that 
pHH2O appears to be less sensitive to changes in the BS and EA. Yet if pH remains 
unchanged it is possible that the soil still possesses sufficient buffering capacity after 
WTH (Saarsalmi et al. 2010).  
 
The soil at the experimental site was sampled in 1979, 1984 and 1989 by the Finnish 
Forest Research Institute. However, due to differences in methods used for chemical 
analysis, only the results from the 1989 sampling of the organic layer were compatible 
with the current results. Table 9 indicates that apart from exchangeable K, all the 
elemental pools appear to have decreased as a result of WTH with the relative (%) 
reduction being highest for total C, N and Ca whereas C/N remains relatively unchanged. 
These results support the hypothesis that in the long-term WTH could deplete forest soil 
fertility through intensified base cation loss. The experimental site was thinned twice 
before the final felling and significant quantities of biomass were removed from the 
WTH plots, thus implying that nutrient inputs into the system have reduced (Table 3 and 
Table 4). Nevertheless, it remains unclear whether WTH could have cumulative effects 
on the soil nutrient capital. 
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5.1 Silvicultural implications 
The surface soil provides a large base for plant-nutrition in the boreal forest ecosystems; 
understanding the changes caused by WTH, is therefore of particular interest from a 
forest management perspective (Worrell and Hampson 1997, Prescott et al. 2000). WTH 
removes large quantities of biomass from a stand, resulting in several-fold increases in 
nutrient exports compared to CH (Raulund-Rasmussen et al. 2008, Palviainen and Finér 
2012). Nutrient balance calculations in Sweden have indicated that WTH could result in 
base cation depletion after only one rotation (Sverdrup and Rosen 1998, Akselsson et al. 
2007), and a more recent modeling study showed a similar trend in Finland (Palviainen 
and Finér 2012). Nutrient losses are compensated over time through mineral weathering 
and atmospheric deposition; however, the removals associated with WTH often exceed 
natural inputs expected during a harvest rotation (Sverdrup and Rosen 1998, Akselsson et 
al. 2007, Palviainen and Finér 2012). Longer rotation times could buffer against the 
nutrient losses (Kimmins 1977, Worrell and Hampson 1997). Considering that the 
rotation time on average in Scandinavia are already are fairly long (more than 60 yrs.), 
prolonging them does not seem feasible within current management practices. Several 
studies have reported growth losses after thinnings (Jacobson et al. 2000, Helmisaari et 
al. 2011). Tree growth reactions have been ascribed to changes in soil nutrient pools and 
nutrient removals associated with the logging residue removals. WTH thinned stands 
have been reported to respond positively to compensatory fertilization (NPK), implying 
that the growth losses associated with WTH could be compensated with fertilization 
(Olsson 1999, Jacobson et al. 2000).  
 
Several studies have reported site- and species-specific interactions associated with WTH 
(Olsson et al. 1996b, Thiffault et al. 2006, Raulund-Rasmussen et al. 2008, Wall and 
Hytönen 2011). Thiffault et al. (2006) found that Jack pine (Pinus banksiana), Black 
spruce (Picea mariana) and Balsam fir (Abies balsamea) all react differently to 
harvesting intensity, leading them to conclude that the selection of species could 
determine a site’s sensitivity to WTH. Smolander et al. (2010) reported higher C 
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mineralization/N mineralization ratios when logging residues were kept on site, 
indicating that the presence of residues facilitate the mineralization of N on the less fertile 
sites. Soils in the more fertile sites (i.e. more productive sites) tend to be more resistant to 
the changes in acidity due to their higher buffering capacity. Thus the benefits of 
retaining logging residue on site might be limited to locations with lower OM pools 
(Thiffault et al. 2006, Tamminen et al. 2012). Furthermore, the potential negative effects 
of WTH will be highest on sites where a large proportion of the nutrient capital is in 
trees, i.e. on sites with fertile soils (Kimmins 1977, Worrell and Hampson 1997). From a 
forest management perspective maintaining long-term site productivity is essential, and 
the results from this study imply that WTH could result in losses of site productivity even 
at a fertile Norway spruce site. The possibility of leaving green needles on site 
(seasoning) after clear-cutting has been discussed as a method to minimize the removal of 
nutrients but the results of such efforts have been mixed (Olsson et al. 1996b, Wall 2008). 
Such logging residue removal in phases also would increase the traffic at the stand, 
potentially causing soil compaction and damages to the forest floor. One alternative could 
be to plant conifer trees in mixes with broadleaves, which are known to improve the 
nutrient status of the soil (Thelin et al. 2002, Paré et al. 2002).   
 
Scientific research tends to utilize results from controlled experiments, which are not 
entirely applicable in practical forestry (Egnell 2011, Tamminen et al. 2012). In this 
experiment all the logging residues were removed from the site whereas in practice 
approximately 20–30% of the logging residues in WTH are left on the harvest sites due to 
operational limitations (Nurmi 2007, Peltola et al. 2011), resulting in more nutrients 
being left in the stand in the form of logging residue after WTH.  
Conclusively, there is a need for long-term WTH experiments that cover a large range of 
different site types and tree species and extend over a whole rotation (Thiffault et al. 
2011, Egnell 2011).  
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5.2 Reliability of the results 
One time sampling in general is inferior to pre-and post-treatment sampling (Tamminen 
et al. 2012). The sampling precision was not tested in this study; however, the relatively 
large standard errors of the elemental pools imply that there was a large spatial 
variability in the soils (Table 6 and Table 7). Concentrations and C/N ratios tend to have 
a smaller error than the elements measured directly from the sample (Saarsalmi et al. 
2010) as was evident in this study. The higher standard errors for the total and 
exchangeable pools are the result of the large variation in the humus layer thickness for 
the organic layer and stone content in the mineral soil.  
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6 Conclusion 
The results of this study indicate that whole-tree harvest can exacerbate loss of nutrient 
cations and soil acidification, particularly in the organic layer of the soil ten years after 
final harvest in a fertile Norway spruce stand in comparison to conventional harvest. 
Exchangeable acidity, exchangeable Al concentration and Ca/Al-ratio increased 
significantly in the organic layer at the plots from which the logging residues were 
removed. Significant reductions in the effective cation exchange capacity and base 
saturation were also observed across the upper soil layers after WTH. The removal of 
logging residues did not affect the C/N ratio or total pools of carbon and nitrogen in 
either soil layer. Pools of exchangeable and total Ca were significantly reduced as a result 
of WTH. These findings suggest that WTH can cause depletion of base cations from the 
upper soil layers. Thus, although the stand possesses significant pools of nutrients at 
present, continued WTH could have long-term effects on site productivity. 
The observed decline in the exchangeable nutrient pools at the study site indicates that 
the potential detrimental effects of WTH on soil productivity are not only limited to 
nutrient poor sites. Furthermore, if WTH is practiced throughout the entire rotation the 
nutrient outputs (biomass removals) could exceed the inputs (deposition and weathering) 
resulting in nutrient depletion.  
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Figures 
 
 
Figure 3 Nutrient dynamics in a typical Norway spruce stand (Modified from Likens & Bormann 1995, 
Piirainen 2002) 
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Figure 4 The site location in Janakkala, Southern Finland (Data source: National Land Survey of 
Finland-Appendix II includes the licence) 
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Figure 5 The size of each plot is 30 x 30 m, surrounded by a five-meter buffer zone (Illustration: L. 
Kaarakka) 
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Tables  
Table 1 Nitrogen (N), potassium (K) and calcium (Ca) deposition, weathering, leaching and total and 
exchangeable pools in the organic layer and mineral soil in Finland (Starr et al. 1998, Ruoho-Airola et al. 
2003, Piirainen et al. 2004, Palviainen 2005, Helmisaari et al. 2008, Palviainen and Finér 2012). Stars 
indicate missing data 
  N K Ca 
Deposition (kg ha-1 yr-1) 2–6 0.3–0.6 0.3–2.1 
Weathering (kg ha-1 yr-1) 1.0 3.0 
Leaching (kg ha-1 yr-1) 0.29–2.3 0.5–2.5 1.95–14.8 
Total pools (kg ha-1) 
Organic layer 600 * * 
Mineral soil (0-20 cm) 920–2 650 380–605 852–1 440 
Plant-available pools 
Organic layer * 36 140 
Mineral soil (0-20 cm) 6–18 32–110 75–730 
     32 
 
Table 2 The experimental design of the thinning experiment (old) and final-felling experiment (new)  
Old treatment  New treatment Plots 
Conventional harvest 
(CH) CH1+CH2 CH3 2,15,17 
CH with fertilization CH1+F1+CH2+F2 CH3 6,12,16 
CH with additional 
logging residue CH1+LG1+CH2+LG2 CH3 4,10,13 
Whole-tree harvest 
(WTH) WTH1+WTH2 WTH3 5,11,18 
WTH with 
compensatory 
fertilization 
WTH1+CoF1+WTH2+CoF2 WTH3 1,7,9 
WTH with 
fertilization WTH1+F1+WTH2+F2 WTH3 3,8,14 
     33 
 
Table 3 The estimated mass of logging residue mass (kg ha-1) and nutrients contents (kg ha-1) removed or 
retained at the experimental site during thinnings (Helmisaari et al. 2011) 
  
  
Mass C N Ca K P 
kg ha-1 
1st thinning 17 323 7 276 85 76 27 7 
2nd thinning 12 965 5 445 89 71 23 7 
     34 
 
Table 4 Estimated mass (kg ha-1) and nutrient content of logging residues retained (CH) and removed 
(WTH) from each plot at final felling (Hakkila et al. 1998) 
Plot Treatment 
Mass C N Ca K P 
kg ha-1 
2 CH 38 548  16 190 237 175 84.7 27.7 
4 CH 40 608  17 055 231 171 82.8 27.1 
6 CH 51 489  21 625 245 182 87.8 28.7 
10 CH 40 955  17 201 241 178 86.2 28.2 
12 CH 52 072  21 870 257 191 92.1 30.1 
13 CH 33 865  14 223 260 193 93.0 30.4 
15 CH 40 141  16 859 219 162 78.4 25.6 
16 CH 47 324  19 876 226 168 81.0 26.5 
17 CH 45 453  19 090 239 177 85.6 28.0 
Mean 43 384 18 221 239.6 177.5 85.7 28.1 
1 WTH 46 706  19 617 271 201 97.1 31.8 
3 WTH 34 418  14 455 192 142 68.7 22.5 
5 WTH 42 239  17 741 258 191 92.4 30.2 
7 WTH 49 139  20 638 252 187 90.3 29.5 
8 WTH 45 575  19 142 232 172 83.0 27.1 
9 WTH 37 518  15 758 252 186 90.0 29.5 
11 WTH 36 508  15 333 237 176 85.0 27.8 
14 WTH 53 592  22 509 262 194 93.8 30.7 
18 WTH 36 761  15 439 233 173 83.5 27.3 
  Mean 42 495 17 848 243 180.3 87.1 28.5 
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Table 5 Humus thickness (cm), bulk density of the mineral soil samples (g cm-3), particle size distribution 
of the fine-earth (%), gravel content (%) and stone content (%) in the sampled plots 
Plot Treatment 
Humus 
thickness 
 
BD g 
cm-3 Clay % 
Fine 
earth 
% 
Gravel % Stone  % 
2 CH 4.60 0.722 3.98 30.2 24.2 42.4 
4 CH 2.68 0.699 2.06 34.3 40.3 28.9 
6 CH 2.88 0.613 4.45 33.4 34.3 17.7 
10 CH 2.00 0.619 3.75 44.1 23.6 23.4 
12 CH 3.16 0.775 4.33 38.0 38.2 38.2 
13 CH 2.16 0.70 3.07 47.7 28.6 31.2 
15 CH 2.00 0.646 5.84 35.1 27.2 21.4 
16 CH 3.72 0.599 4.01 34.7 31.2 46.7 
17 CH 3.00 0.744 5.40 42.0 20.2 22.1 
Mean 2.91 0.68 4.10 37.7 29.8 30.2 
1 WTH 2.52 0.69 4.15 37.2 22.2 35.7 
3 WTH 2.48 0.672 3.72 46.2 18.2 27.0 
5 WTH 2.76 0.606 3.78 48.0 12.5 26.0 
7 WTH 2.32 0.681 3.68 48.3 58.8 48.8 
8 WTH 2.64 0.753 4.03 38.7 33.2 24.7 
9 WTH 2.08 0.803 3.32 51.9 24.7 32.4 
11 WTH 1.96 0.538 3.02 38.2 37.6 42.2 
14 WTH 2.00 0.707 4.01 40.9 37.9 38.8 
18 WTH 1.84 0.896 6.53 51.6 32.4 24.5 
Mean 2.29 0.71 4.02 44.5 30.8 33.3 
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Table 9 C/N-ratio and total elemental pools (kg ha-1, C in t ha-1) of the organic layer in 1989 and 2011 
with their relative difference 
  
Year Organic layer 
CH WTH 
C/N 1989 26.92 27.39 
2011 23.07 23.19 
Change % -14 -15 
C t ha-1 1989 15 400 14 372 
2011 11 855 8 624 
Change % -23 -40 
N kg ha-1 1989 572 525 
2011 517 371 
Change % -9.6 -29 
Ca kg ha-1 1989 191 159 
2011 197 128 
Change % +3.2 -19 
K kg ha-1 1989 41.0 47.6 
2011 47.1 48.3 
Change % +15 +1.6 
Mg kg ha-1 1989 66.9 75.9 
2011 51.7 50.9 
Change % -23 -33 
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Appendix I 
Table 10 One-way ANOVA for the treatment effect on total elemental pools in the organic layer. 
Sum of Squares df Mean Square F p 
C kg ha-1 Between Groups 34969637 1 34969637 2.592 0.13 
Within Groups 188864459 14 13490318 
Total 223834096 15 
N kg ha-1 Between Groups 67865 1 67865 2.673 0.124 
Within Groups 355413 14 25387 
Total 423278 15 
N % Between Groups 0.1 1 0.117 4.617 0.05 
Within Groups 0.4 14 0.025 
Total 0.5 15 
C % Between Groups 60.1 1 60.05 5.376 0.036 
Within Groups 156.4 14 11.169 
Total 216.4 15 
C/N Between Groups 0.0 1 0.007 0.007 0.934 
Within Groups 13.7 14 0.978 
Total 13.7 15 
OM % Between Groups 300.2 1 300.156 13.698 0.002 
Within Groups 306.8 14 21.912 
Total 606.9 15 
Ca kg ha-1 Between Groups 19091 1 19090.6 8.556 0.011 
Within Groups 31236 14 2231.2 
Total 50327 15 
K kg ha-1 Between Groups 6 1 5.734 0.032 0.86 
Within Groups 2495 14 178.221 
Total 2501 15 
Mg kg ha-1 Between Groups 3 1 2.519 0.022 0.884 
Within Groups 1609 14 114.898 
Total 1611 15 
P kg ha-1 Between Groups 48.419 1 48.419 0.869 0.367 
Within Groups 779.861 14 55.704 
  Total 828.28 15       
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Table 11 One-way ANOVA for the treatment effect on total elemental pools in the mineral soil 
Sum of 
Squares df Mean Square F p 
C kg ha-1 Between Groups 53253552 1 53253552 2.839 0.114 
Within Groups 262588391 14 18756314 
Total 315841943 15 
N kg ha-1 Between Groups 243684 1 243684 3.977 0.066 
Within Groups 857876 14 61277 
Total 1101560 15 
N % Between Groups 0.012 1 0.012 3.114 0.099 
Within Groups 0.055 14 0.004 
Total 0.067 15 
C % Between Groups 2.576 1 2.576 2.134 0.166 
Within Groups 16.897 14 1.207 
Total 19.473 15 
C/N Between Groups 0.456 1 0.456 0.233 0.636 
Within Groups 27.319 14 1.951 
Total 27.774 15 
OM % Between Groups 22.801 1 22.801 3.138 0.098 
Within Groups 101.709 14 7.265 
Total 124.509 15 
Ca kg ha-1 Between Groups 35470.803 1 35470.803 2.96 0.107 
Within Groups 167775.23 14 11983.945 
Total 203246.033 15 
K kg ha-1 Between Groups 1262 1 1262 0.236 0.635 
Within Groups 74839.858 14 5345.704 
Total 76101.857 15 
Mg kg ha-1 Between Groups 2995.459 1 2995.459 0.083 0.777 
Within Groups 503955.206 14 35996.8 
Total 506950.665 15 
P kg ha-1 Between Groups 5.78 1 5.78 0.018 0.895 
Within Groups 4521.511 14 322.965 
  Total 4527.291 15       
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Table 12 One-way ANOVA for the treatment effect on exchangeable elemental pools in the organic layer  
    
Sum of 
Squares df Mean Square F p 
Al kg ha-1 Between Groups 42.24 1 42.237 21.828 0.000 
Within Groups 30.96 16 1.935 
Total 73.20 17 
Ca kg ha-1 Between Groups 21647 1 21647.256 8.797 0.009 
Within Groups 39370 16 2460.636 
Total 61017 17 
Fe kg ha-1 Between Groups 2.074 1 2.074 14.899 0.001 
Within Groups 2.227 16 0.139 
Total 4.301 17 
K kg ha-1 Between Groups 0.307 1 0.307 0.002 0.963 
Within Groups 2165.9 16 135.366 
Total 2166.2 17 
Mg kg ha-1 Between Groups 129.7 1 129.659 2.646 0.123 
Within Groups 784.0 16 49.001 
Total 913.7 17 
Na kg ha-1 Between Groups 0.609 1 0.609 2.414 0.140 
Within Groups 4.035 16 0.252 
  Total 4.643 17       
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Table 13 One-way ANOVA for the treatment effect on exchangeable elemental pools in the mineral soil 
    
Sum of 
Squares df Mean Square F p 
Al kg ha-1 Between Groups 109.9 1 110 0.096 0.761 
Within Groups 18366.8 16 1148 
Total 18476.7 17 
Ca kg ha-1 Between Groups 101455.6 1 101456 33.197 0.000 
Within Groups 48898.9 16 3056 
Total 150354.5 17 
Fe kg ha-1 Between Groups 58.4 1 58 1.2 0.289 
Within Groups 778.7 16 49 
Total 837.2 17 
K kg ha-1 Between Groups 906.2 1 906 2.996 0.103 
Within Groups 4839.9 16 302 
Total 5746.2 17 
Mg kg ha-1 Between Groups 387.0 1 387 12.52 0.003 
Within Groups 494.5 16 31 
Total 881.5 17 
Na kg ha-1 Between Groups 0.302 1 0.302 0.078 0.784 
Within Groups 61.908 16 3.869 
  Total 62.21 17       
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Table 14 One-way ANOVA for the treatment effect on cation rations in the organic layer 
    Sum of Squares df Mean Square F p 
Ca/Al Between Groups 3908.561 1 3908.561 32.303 0.000 
Within Groups 1935.958 16 120.997 
Total 5844.52 17 
Ca/Mg Between Groups 4.228 1 4.228 21.719 0.000 
Within Groups 3.114 16 0.195 
Total 7.342 17 
Mg/Al Between Groups 159.778 1 159.778 24.041 0.000 
Within Groups 106.337 16 6.646 
  Total 266.115 17       
 
 
 
Table 15 One-way ANOVA for the treatment effect on cation rations in the mineral soil. 
    Sum of Squares df Mean Square F p 
Ca/Al Between Groups 1.63 1 1.63 10.973 0.004 
Within Groups 2.377 16 0.149 
Total 4.007 17 
Ca/Mg Between Groups 6.839 1 6.839 8.96 0.009 
Within Groups 12.213 16 0.763 
Total 19.051 17 
Mg/Al Between Groups 0.019 1 0.019 4.794 0.044 
Within Groups 0.064 16 0.004 
  Total 0.083 17       
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Appendix II 
Documentation for (Figure 4) 
 
National Land Survey open data licence - version 1.0 - 1 May 2012  
 
1. General information 
The National Land Survey of Finland (hereinafter the Licensor), as the holder of the 
immaterial rights to the data, has granted on the terms mentioned below the right to 
use a copy (hereinafter data or dataset(s)) of the data (or a part of it). 
The Licensee is a natural or legal person who makes use of the data covered by this 
licence. The Licensee accepts the terms of this licence by receiving the dataset(s) 
covered by the licence. 
This Licence agreement does not create a co-operation or business relationship 
between the Licensee and the Licensor. 
 
2. Terms of the licence 
 
2.1. Right of use 
This licence grants a worldwide, free of charge and irrevocable parallel right of use to 
open data. According to the terms of the licence, data received by the Licensee can be 
freely: 
copied, distributed and published, modified and utilized commercially and non-
commercially, inserted into other products and used as a part of a software application 
or service. 
 
2.2. Duties and responsibilities of the Licensee 
Through reasonable means suitable to the distribution medium or method which is 
used in conjunction with a product containing data or a service utilising data covered 
by this licence or while distributing data, the Licensee shall: 
? mention the name of the Licensor, the name of the dataset(s) and the time 
when the National Land Survey has delivered the dataset(s) (e.g.: contains 
data from the National Land Survey of Finland Topographic Database 
06/2012) 
? provide a copy of this licence or a link to it, as well as 
? require third parties to provide the same information when granting rights to 
copies of dataset(s) or products and services containing such data and remove 
the name of the Licensor from the product or service, if required to do so by 
the Licensor. 
The terms of this licence do not allow the Licensee to state in conjunction with the 
use of dataset(s) that the Licensor supports or recommends such use. 
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2.3. Duties and responsibilities of the Licensor 
The Licensor shall ensure that the Licensor has the right to grant rights to the 
dataset(s) in accordance with this licence. The data has been licensed "as is" and the 
Licensor 
shall not be held responsible for any errors or omissions in the data, disclaims any 
warranty for the validity or up to date status of the data and shall be free from liability 
for direct or consequential damages arising from the use of data provided by the 
Licensor,  
and is not obligated to ensure the continuous availability of the data, nor to announce 
in advance the interruption or cessation of availability, and the Licensor shall be free 
from liability for direct or consequential damages arising from any such interruption 
or cessation. 
 
3. Jurisdiction 
Finnish law shall apply to this licence. 
 
4. Changes to this licence 
The Licensor may at any time change the terms of the licence or apply a different 
licence to the data. The terms of this licence shall, however, still apply to such data 
that has been received prior to the change of the terms of the licence or the licence 
itself.  
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